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I- SUMMARY 


This report describes the test results obtained in 
the Task 3 portion of this program and represents the final 
report on this program. In this phase of the testing effort a 
comparison of smooth bar and notched bar fatigue life was 
obtained for zirconium-copper ,1/2 Hard, material tested in air 
at room temperature in axial strain control. These data indicated 
that the ratio of smooth bar fatigue life to notched bar fatigue 
life was constant at about 6.0 over the life regime between 
300 and 3000 cycles. Data at five different strain ranges were 
employed in these evaluations. 

Five additional hold-time tests were performed in 
argon at f>38°C using a ramp strain rate of 2xl0"’- 3 sec” . These 
tests supplement the hold-time data previously reported for the 
S-2 alloy and focused on hold-period durations of 300 seconds. 
Evaluations were made using a hold period in tension only., a 
hold period in compression only, and a hold period in both the 
tension and compression portions of the cycle. A significant 
amount of dimensional instability was encountered in these tests 
and this made it difficult to obtain a completely reliable 
assessment of the hold-time effect. 

Relaxation data obtained in the first few cycles of 
the hold-time tests were analyzed in terns of an instantaneous 
stress rate correlation and fairly consistent results were 
obtained. This analysis also indicated that, at the same stress 
level, the relaxation rate in tension was definitely faster than 
that observed in compression. 

Short-term tensile data at room temperature and 
and low-cycle fatigue data at 53Q°C were obtained for a second 
lot of zirconium- copper (1/2 Hard) material. These data indicated 
noticeably lower yield and ultimate strengths at both room 
temperature and 538°C for this second lot of material ( designated 
R-20) compared to the results reported in the Task 2 portion 
of this program for the R-2 material. However, the low-cycle 
fatigue properties for the R-20 material at were 

essentially identical to those reported for the R-2 material 
although there was some indication that the R-20 material was 
yielding somewhat greater fatigue life values at the lower 
strain ranges. 

Two th ymal -mechanic al strain cycling tests were 
performed In an evaluation of the R-2 material. These tests 
employed a cyclic frequency of ij.,5 cycles per hour and a cyclic 
temperature interval from 260° to 538°0. One test involved 
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having the maximum temperature occur at the peak tensile strain 
point in the cycle and the minimum temperature at the peak 
compressive strain point. In the second test this phase relation- 
ship was reversed. Both tests yielded a fatigue life lower 
than that observed in isothermal fatigue tests at 538 C far 
this material. It was also noted that the condition involving 
t-ho maximum temperature at peak tensile strain was more detri- 
mental than the reversed phase relation. 
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II - INTRODUCTION 


Regeneratively-cooled, reusable-rocket nozzle liners such 
as found in the engines of the Space Shuttle, Orbit-to-Orbit 
Shuttle, Space Tug, etc,, undergo a severe thermal strain cycle 
raring each firing. To withstand the severe cycles, the liner 
material must have a proper combination of high thermal conduc- 
tivity and high low-cycle fatigue resistance. Copper-base alloys 
possess these desirable qualities and were thusly chosen for 
this program. The purpose of the investigation is to screen a 
variety of candidate alloys, select the most promising for the 
application, and to generate material property data that are 
required in the design and life prediction of rocket nozzle 
liners. 


In the Task 1 effort (see NASA CR 121259) on this program 
a detailed screening evaluation was performed to provide an 
assessment of the tensile and fatigue properties of 12 candi- 
date materials (11 copper-base alloys and silver) at tempera- 
tures to 53° C. Short-term tensile tests were performed in 
duplicate using a strain rate of 2 x 10"3 aec"l to provide 
measurements of the 0.2/£ yield strength, ultimate tensile 
strength and reduction in area at room temperature and at 538°* 
Low-cycle fatigue evaluations were performed at 538° c using an 
axial strain rate of 2 x 10"’ sec"^- in completely reversed (A- 
ratio of infinity), axial strain controlled tests based on axial 
loading. All room temperature evaluations were performed in 
air while all tests at 539° G were performed in high purity argon 
in which the oxygen level was maintained below 0.01 percent by 
volume. Hourglass-shaped specimens and diametral extensometry 
were employed in both the tensile and fatigue evaluations 
while the- use of an analog strain computer enabled the fatigue 
tests to be performed in axial strain control. 

After the Task 1 effort was completed the NASA Project 
Manager performed a detailed review of all the material property 
information pertaining to the 12 candidate materials and selected 
one material to be tested in additional detail in the Task 2 
portion of this program. This material was the R-2 alloy, zir- 
conium-copper, 1/2 Hard. 

The material property measurements specified for the 
Task 2 effort included the following: 

1) short-term tensile at 4.82° and 593°C using a strain 
rate of 2 x 10"3 sec-1; 

2) short-term tensile at 53®° G using strain rates of 
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4 x I0~ k and 1 x 10 -2 sec' 1 ; 0 

3) modulus of elasticity from room temperature to 593 C 
using a strain rate of 2 x 10"3 sec -1; 

4) atrain-controlled low-cycle fatigue behavior at 

4820 an d 593° C 

5) strain-controlled low-cycle fatigue behavior at 538 C 
using strain rates of 4 x 10“4- and 1 x 10 “ ^ sec“lj 

and 6) strain-controlled low-cycle fatigue behavior at 538 C 
to evaluate the effect of hold periods in tension 
and in compression 

All the tensile and fatigue tests were performed in 
argon using hourglass -shaped specimens while all the modulus 
of elasticity measurements were performed in air using cylindri- 
cal gage section specimens. A servo-controlled, hydraulically 
actuated fatigue testing machine was used in all these evalua- 
tions and the threaded test specimens were mounted in the hold- 
ing fixtures of the test machine using special threaded adaptors. 
For the environmental (argon) tests a specially constructed 
pyrex containment vessel was positioned between the holding fix- 
tures of the fatigue machine and neoprene low- force bellows at 
either end provided the seal to enable the desired gas purity 
levels to be maintained throughout the test. Side outlets 
(with appropriate seals) on this containment vessel provided 
entrance ports to accommodate the extensometer arms and special 
lead-throughs near the bottom of the containment vessel en- 
abled the thermocouples, used for specimen temperature measure- 
ment, to be routed out to the temperature control system. Spec- 
imen test temperatures were attained using induction heating 
and thin was provided by winding a closely spaced induction coil 
around the outer surface of the cylindrical containment vessel 
(see Figure 1). 

All force measurements were made using a load cell 
mounted within the loading train of the fatigue machine and 
specimen strains were measured using specially designed, high 
temperature extensometers . For the short-term tensile and 
fatigue evaluation a diametral extensometer was employed while 
an axial extensometer was used in the modulus of elasticity 
determinations. A special test procedure was developed to 
allow the short-term tensile tests to be performed at a con- 
stant strain rate which was maintained throughout the test. In 
the fatigue te3ts an analog strain computer was employed which 
allowed the diametral strain signal to be used in conjunction 
with the load signal so as to provide an instantaneous value 
for the axial strain which was then the controlled variable. 

When the modulus measurements were made the axial extensometer 
was attached to the cylindrical test specimen (gage length of 
1.27 cm) and then the specimen was loaded within the elastic 
region while a plot was made of the corresponding load and 
axial strain information, A slope calculation of this record 
yielded the desired modulus value. 

The studies performed in the Task 2 effort to define 
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temperature, strain-rate and hold-time effects yielded some 
important information for the R-2 alloy. Some general observa- 
tions of special interest included: 

1) the 0,2% yield strength and ultimate tensile strength 

of the R-2 alloy decrease gradually with increasing 
temperature and vary from about 340 and 380 MN/m 2 
respectively at room temperature to about 1$0 and 160 
MN/m 2 at $93°C; the reduction in area increases grad- 
ually to about 90% as the temperature is increased to 
593°C ; ! 

2) the tensile properties of the material were not sig- 
nificantly affected by strain rate at 53f5° c over the 
range from 4 x 10“4 to 1 x 10“2 sec" 1 ? 

3) the modulus of elasticity decreased from about 115*000 
to 70,000 I-IN/m 2 over the temperature range from room 
temperature to 593°C; 

4) The R-2 alloy exhibited a very decided cyclic strain 

softening; - , 

5) the fatigue life at a strain rate of 2 x 10“ J sec“ x 
was unaffected by temperature over the range from 
4820 to 5>93°C; 

6) the fatigue life at 538°0 was decreased as the strain 
rate decreased; 

7) the fatigue life at 538°C was decreased by hold periods 
in tension; hold periods in compression exerted essen- 
tially no effect on the fatigue life; 

8) the mount of stress relaxation which occurred during 
a tension hold period was the same as that observed in 
a compression hold period of the same duration; 

9) after the first fatigue cycle or so the ratio of the 
stress decrease due to relaxation to the stress level 
at the start of the hold period remained essentially 
constant throughout the teat. 


The final portion (Task 3) of this program was devoted to 
further evaluations of the R-2 composition. Attention was 
focused first on a comparison of the low-cycle fatigue character- 
istics of smooth and notched (K^=2) bars at room temperature 
using axial strain control, and on extending the hold-time studies 
initiated in the Task 2 portion of this program. Two thermal- 
mechanical strain cycling evaluations were also performed to pro- 
vide a limited assessment of this facet of fatigue behavior. 

And, finally, seme indication of lot-to-lot variation was ob- 
tained in tests of a second lot of the zirconium-copper, 1/2 .ard, 
composition. This alloy was designated, R-20, and was sub- 
jected to the same tensile and low-cycle fatigue tests specified 
in the te3t matrix of Task 1. 
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III - MATERIAL AND SPECIMENS 


Specimen material for use in this portion of the program 
was supplied by NASA-Lewls Research Center, Cleveland, Ohio. 

The two lots (designated R-2 and R-20) of zirconium-copper alloy 
employed in this study are described in Table 1, 

Using the specimen design shown in Figure 2, 16 speci- 
mens were fabricated from the R-2 material and 17 from the R-20 
material. In addition, 6 specimens of the design shown in 
Figure 3 were fabricated from the R-2 material for use in the 
evaluation of notched-bar behavior. No evaluation of the notched 
behavior of the R-20 material was required in this program. 

A photograph of the smooth and notched specimens employed 
In this program is presented in Figure 4. 


After being machined, all specimens were wrapped in 
soft tissue paper and placed in individual hard plastic cylinders 
(about 9 cm in length and 2.2 cm inside diameter). The ends of 
these cylinders were then sealed with masking tape and the* speci- 
men code number was written on the external surface of the cylinder. 
These cylinders were used for storage before and after test. 

In preparing for a test each specimen was subjected to 
the following: 

1) a small longitudinal notch was filed in the threaded 
sections of the specimen; this was designed to aid in 
the removal of entrapped air from the threaded area 
after the specimen was inserted in the adaptors (see 
below for specimen- adaptor assembly) ; 

2) the specimen was washed with Freon to remove any surface 
oils which might have remained after machining; 

3) a small quantity of dilute phosphoric acid was applied 
by hand to the complete surface of the specimen; this 
removed any surface oxides and any machining oil not- 
removed by the cleaning with Freon; this operation was 
completed within 1 $ seconds; 

I;.) the specimen was rinsed in warm water and dried using 
soft absorbent tissue; 

5) the specimen was then subjected to a final cleaning with 
Freon. 
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Table 1 - Source History for R-2 and R-20 Zirconium-Copper Alloy 


R-2 R-20 


Source Bridgeport Brass Co. United States Metal 

Refining Co. 

Mill Order No. 98700 

Lot No. H-6932 


Form 1.90 cm diameter 390 pound billets which 

round bars were reduced to 2.86 cm 

{had received a diameter rods; following 

50% reduction in annealing these rods 

area plus aged) were cold reduced to 

2.3 cm diameter rods 
which were then further 
cold reduced by 1TASA- 
Lewis Research Center 
to 2.03 cm to give a 
50 $ reduction in area 
from the 2.86 cm diam- 
eter 


Condition 1/2 Hard 1/2 Hard 


Zr 0.20 
Ni 0.002 
Fe 0.002 
Cu Balance 


Composition 
(wt $) 


Zr 0.13 to 0.19 nominal 
Balance Cu 
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Figure I4.- Photograph of smooth-bar and notched-bar specimens. 
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IV - TEST EQUIPMENT 


A closed-loop, servo-controlled, hydraulically- 
actuated fatigue machine (see Figure 5>) was employed in this pro- 
gram. This machine was equipped with the necessary recorders to 
provide continuous readouts of the desired test information. 

A block diagram of the type of test machine used 
is presented in Figure 6 . The programmer is a precision solid- 
state device capable of furnishing all of the required waveform 
signals necessary to provide the strain or stress values demanded 
in the test. This signal is compared in the summing network with 
the strain or stress values actually present at the specimen at 
any instant of time. Any deviation from the required parameter 
is sensed by the servo -cent roll or which supplies a correction 
current signal to the aervo-valve which provides the correct 
hydraulic flow and pressure to the hydraulic actuator . The 
actuator in turn imparts the necessary displacement and force 
through the load cell to the specimen . The diametral displace- 
ment of the specimen in the gage section is sensed by the exten - 
someter and the motion is imparted to the LVDT (Linear variable 
displacement transducer) which supplies an electrical signal to 
the analog computer . The analog computer accepts the inst'antan- 
eous diametral strain and axial force signals and operates upon 
them to provide signals representing all of the strain t_nd stress 
components of interest. Any one of these can be selected for 
comparison with the programmer signal. 

Manufacturer and nomenclature of the various com- 
ponents of the fatigue machines are as follows: 

1. Programmer - designed and built by Mar-Test Inc. 

2. Servo-controller - designed and built by Mar-Test Inc. 

3» Actuator - Universal Fluid Dynamics, Type MDF^-H-BR 

4. Servo-valve - Moop, Model 76-101 

5* H ydraul i c System - Racine, Model PSV-SS0-20GRS 

6. Load Cell - Strainsert, Model FFLl£U-2SP (K) 

7. Induction Generator - Lepel, Model T-2, 5-I-KC-J-BW 

8. Extensometer - designed and built by Mar-Test Inc. 

to measure diametral strain 

9. LVDT - ATC, Model 6234A05B01XX 

10. Analog Strain Computer - designed and built by Mar-Test Inc. 

11. Load Frame and Fixtures - designed and built by Mar-Test Inc. 

Each fatigue machine consists of a sturdy three- 
column support system connecting two fixed, horizontal platens. 

A movable platen operates between the fixed platens and is hydraul- 
ically actuated to provide the desired cyclic motion,, The movable 
platen contains three close-tolerance bushings which slide on the 
chrome-plated support columns to impart extreme rigidity and pre- 
cise alignment to the system. 

The diametral strain at the minimum diameter point 
of the specimen is measured using a specially constructed dia- 
metral extensometer. This device was fabricated from low thermal 
expansion materials (quartz and invar) to minimize the effects 


Figure 5- Fatigue Laboratory at Mar-Test Inc. 

Showing Three High Temperature Fatigue 
Machines. 
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Figure 4- Schematic of components in fatigue testing machine 
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of room temperature changes on extensometer output. Each exten- 
someter is calibrated prior to use by employing a special cali- 
bration fixture. Each device is supported horizontally (that is, 
in the actual use position) with the extensometer knife edges 
touching a 0.25 inch diameter split pin. One of the pin halves 
is fixed and the other is displaced horizontally to simulate a 
diameter increase. This motion is controlled by the rotation of 
the barrel of a special micrometer (calibrated against NBS stand- 
ard). In this way the extensometer is calibrated to within 10 
microinches. With this type of calibration and a knowledge of 
the stability and accuracy of the electronic components of the 
system a reasonable estimate of the accuracy of the strain con- 
trol system is 60 microinches per inch In terms of axial strain 
range. 


Before any tests are made each load cell is cali- 
brated in position by placing a calibrated (NBS) Ring-Force Gauge 
(Morehouse instrument Co., Model 5 BT, 5000 lbs capacity with an 
accuracy to 0,2 percent) in the specimen position in the load 
train. As the actuator is caused to apply a load the output of 
the load cell is plotted against the load indicated by the. cali- 
brated Ring-Force Gauge. This calibration is performed at fre- 
quent intervals to insure accurate stress measurements during 
the testing program. 

Each fatigue machine has its own cont.ro 1 console 
which functions to supply the very precise control .features 
which are so essential to the performance of meaningful fatigue 
tests. In addition to housing the temperature controller and an 
elapsed time indicator each control console contains: 

a) a calibration panel which also provides means for auto- 
matic or manual control of the hydraulic solenoid and 
power for auxiliary equipment such as the induction 
generator and recorders ; 

b) a programmer which provides the required demand signal 
waveform for the test; 

c) an analog strain computer which generates the load and 
strain components for recording and control purposes; 

d) a servo-controller which compares the programmer supplied 
demand signal and the computer supplied feedback signal 
and generates the proper control current forlthe servo- 
valve; a meter relay circuit operates in conjunction 
with the servo-controller to provide the means for 
shutting down the system when the specimen fails. 

One of the important precautionary features of the 
Mar-Test fatigue machines is the incorporation of a manually 
operated by-pass valve across the hydraulic actuator. With this 
valve open the test specimen cannot be exposed to any inadvertent 
load transients during start-up. The hydraulic solenoid valve 
can be energized with this valve open and the load transients 
frequently encountered in test start-up can be eliminated. Once 
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the solenoid valve is opened the by-pass valve can be closed 
slowly to bring the system under control. During this operation 
the load trace is monitored so that a smooth transfer is effected 
and all load transients are eliminated. 
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•y. - TEST PROCEDURES 


A, Low-Cycio Fatigue 

The closed-loop, servo-controlled low-cycle fatigue 
machine employed in this study was fitted with a specially con- 
structed containment vessel to allow testing in a protective 
environment. This cylindrical chamber was fabricated from 
2- inch diameter pyrex tubing and was inserted between the hold- 
ing fixtures. This small-volume enclosure (about 170cm3) facil- 
itated system purging and allowed the desired protective gas 
purity levels to be maintained. Neoprene low -force bellows 
at the top and bottom connected the chamber to the holding fix- 
tures and permitted the normal longitudinal motion of the spec- 
imen during cyclic loading. Side-arms on the pyrex containment 
vessel provided access for the extensometer arms and a special 
flexible joint provided an effective seal without influencing 
the strain measurement. Thermocouple lead-throughs were pro- 
vided near the lower platen so that the thermocouple leads could 
be routed from within the enclosure to the temperature control 
system. Specimen heating was effected by an induction coll 
wound around the external surface of the cylindrical containment 
chamber (see Figure 1). 

All the low-cycle fatigue .tests in this program were 
performed using the specimen configuration shown in Figure 2. 
Such specimens were held in specially designed threaded adaptors 
to provide an integral assembly that allowed the adaptor to be 
heated inductively along with the specimen itself. Large mating 
surfaces were provided between the specimen and the adaptors to 
minimize the temperature gradient between them. This approach 
proved to be quite successful and test temperatures to §93°C 
(1100°F) were achieved quite readily. It was also shown that a 
very flat longitudinal temperature profile was obtained. 


Test temperatures were measured using a chromel-alumel 
thermocouple clamped tightly against the specimen in the region 
where the contoured portion of the specimen meets the threaded 
portion. This approach was found to be very reliable and very 
easy to apply. It also provided more accurate temperature 
control particularly in thermal -mechanical tests where fast 
response to gage section temperature changes is essential. 


Because of the temperature uniformity in the specimen- 
adaptor assembly a special precaution must be taken to avoid 
failure in the threaded portion of the specimen. This involves 
the provision of a large specimen diameter in the grip region 
compared to the diameter at the specimen midpoint. This was also 
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sufficient to avoid plastic deformation at the specimen-adaptor 
contact point and therefore to prevent backlash and alignment 
changes during strain cycling. 

A fully Instrumented test specimen- adaptor assembly was 
mounted in the holding fixture of the fatigue machine using a 
split collet type of assembly and a special leveling device was 
employed to assure that the specimen was installed perpendicular 
to the platens. A flat load cell (see previous section) in series 
with the specimen was used to measure the load applied to the 
specimen throughout the test. 

Once the specimen was installed within the containment 
vessel the system was purged using a high flow rate of high 
purity argon (see below for inert gas specifications) for 30 
minutes. This established the desired purity level within the 
test chamber. The inert gas flow rate was then lowered to a 
few cm3/min and maintained at this level throughout the test. 

Before any tests were initiated the analog strain 
computer was calibrated by making use of the specimen cross- 
sectional area (A) and the value for Young's modulus (E) at 
the intended test temperature. Modulus values for the two 
alloys tested were determined in separate tests. The values of 
A and E were used as shown in the block diagram in Figure 7 to 
generate axial strain values corresponding to measured values 
of diametral strain and force. This diagram provides an aid to 
an understanding of the computer calibration procedure which is 
based on using the values of A and E and adjusting the compliance 
control to establish the following equality: 

AE = F/£ e 


Trior to heating a specimen to the desired test tempera- 
ture the system was placed in force control. This automatically 
kept the force at zero by gradually lowering the movable platen 
to account for the thermal expansion of the specimen as the temp- 
erature was increased. When test temperature was obtained the 
analog strain computer was employed to yield a value for Poisson's 
ratio. The specimen wa3 cycled elastically so that the actual 
plastic strain, j was zero and the value of Poisson's ratio 

could be obtained by the ratio of the diametral to axial strain; 
thus: 

V * 




The Ve control on the computer was then adjusted to force the 
computer value of AEp to zero. At this point the above rela- 
tions were satisfied and the correct value cf was indicated 
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on a potentiometer turns -counting dial on the computer panel (the 
value for Poisson's ratio, plastic, was set internally to 0.5 in 
accordance with constant volume deformation conditions associated 
with plastic deformation). At; this point the computer was cali- 
brated and furnished a correct axial strain signal for recording 
and control purposes. 

With the computer calibration complete the test was 
ready to begin. Two recorders were connected to the console, one 
to monitor load and the other to monitor the total axial s train , 
The system was placed in automatic control and the strain was 
gradually increased to the desired level. This gradual increase 
to the desired strain level requires 5 or 6 cycles and avoids 
specimen damage due to "overshooting" the strain range which can 
occur if an attempt is made to impose the desired strain level 
on the first loading cycle. When the desired strain range was 
reached the teat conditions were kept constant until fracture 
occurred. Hysteresis loops were recorded on an x-y recorder 
during the first few cycles and at frequent intervals thereafter. 
In addition, a continuous recording was made of the applied load 
and the associated plastic strain. When the specimen fractured, 
the shut-down circuit automatically de-energized the entire test- 
ing system including the induction generator, the hydraulic ram, 
the timing device and the recorders. However, the protective en- 
vironment system remained functional until the specimen cooled to 
room temperature. 


High purity (guaranteed 99.999# purity or better) 
argon gas was employed as the protective environment for the 
first few tests in the Task 1 portion of this program. It 
was found, however, that more protection was afforded by the 
use of a slightly reducing environment which consisted of 
this same high purity argon gas with an addition of 1000 ppm 
of hydrogen. This latter environment provided completely 
satisfactory results for all the high temperature tests of the 
zirconium- copper alloy specimens. Some indication of the 
effectiveness of this environment in these tests is provided 
by the fact that some of the Task 2 tests involved durations 
close to 60 hours and yet the specimens had a clean and bright 
appearance at the end of the test. It was not found necessary 
to employ the tantalum "getter" foil used in some of the Task 1 
evaluations . 

B. Short-Term Tensile 

Measurements of short-term tensile behavior were made 
using the same hydraulically-actuated, servo-controlled fatigue 
machines employed in the low-cycle fatigue evaluations. Further- 
more, the same specimen design was employed and the specimen pre- 
paration, test environment, installation and instrumentation pro- 
cedures were identical to those employed in the fatigue tests. 
These short-term tensile tests were performed using a diametral 
extensometer and the true diametral strain rate was kept constant 
at the specified value (the corresponding axial strain rate was 
about twice this value). 
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For each test a strip chart recording was made of the 
measured diametral strain as a function of time and, in addition, 
an x-y recording was made of the load versus diametral strain. 

These traces provide test information from the instant of load 
application all the way to fracture. 

C, Thermal -Mechanical Testing 

Combined thermal -mechanical tests were conducted using the 
same equipment employed in the previous fatigue and tensile por- 
tions of this program. In those thermal-mechanical tests , how- 
ever, it was necessary to cycle the specimen temperature between 
prescribed limits while the mechanical strain was being cycled and 
controlled in accordance with the usual procedure followed in an 
isothermal low-cycle fatigue test. 

The "Thermal-Mechanical Circuit" employed in conjunction 
with the testing machine provided the necessary command signals and 
signal conditioning required for these special tests. The functions 
provided by this circuit are listed and described in the following 
paragraphs . 

1. Isolation of the Mechanical Strain 

The output of the strain extensometer, in these kinds of 
tests, consists of the algebraic sum of two separate displacement 
signals. One signal is caused by the temperature change and under 
conditions of no constraint would simply be a measurement of the 
thermal expansion or contraction of the specimen. The other signal 
is associated with a stress in the specimen, whether this stress is 
caused by a directly applied or resultant force and is referred to 
as the mechanical strain. Isolation of this latter component can 
be effected by subtracting a specially generated analog of the 
thermal component from the total extensometer signal. This thermal 
correction signal is obtained from a function generator circuit 
which uses the specimen temperature as an input. Before every test, 
final adjustments are made and a measure of the accuracy of the sub- 
traction -technique is evaluated. To do this, the specimen is 
thermally cycled a few times under zero load conditions while the 
"mechanical strain" signal is adjusted to as small a level as 
possible. The extensometer signal corrected for this thermal com- 
ponent is then used as an input to the analog strain computer. 

2, Generation of the Temperature Command Signal 

The Thermal -Mechanical Circuit also produces a triangular 
waveform command signal for the temperature controller. The mean 
level as well as the amplitude are adjustable and the frequency is 
synchronized to that of the strain command signal. In addition, the 
phase of this signal can be changed by l8o G so that the peak temp- 
erature can be made to correspond to either the peak tension or the 
peak compression level of the strain cycle. Figure 0 is a simpli- 
fied block diagram of the Thermal-Mechanical Circuit, showing the 
input and output signals. 
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For all of the thermal-mechanical tests, the analog strain 
computer was calibrated by using the 538°C values for E (modulus 
of elasticity) and (Poisson's Ratio) 3ince no provisions exist 

for dynamic adjustment of these material constants as a function of 
changing temperature. Primarily because of the large amount of 
plastic strain in these tests however, this results in only a 
slight error ( approximately 1 %) in the computation of the axial 
strain at 260°C, 

Some difficulty was encountered in obtaining the desired 
thermal response of the specimen in these tests. Because of the 
high thermal and electrical conductivity of copper all previous 
testing utilized heat resistant specimen adapters in the load train 
to facilitate heating, to 538°C. Unfortunately, however, these 
same adapters impede cooling the specimen in a thermal-mechanical 
test. It was necessary therefore to use higher conductivity 
adapters to enhance the cooling rate even though this required 
more power from the induction generator when heating. The required 
compromise resulted in a linear and symmetrical waveform having a 
period of about 13 minutes. All of the thermal-mechanical tests, 
therefore, employed a frequency of about lj.,5 cycles per hour. 



VI - TEST RESULTS AND DISCUSSION OF RESULTS 
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A) Short-Term Tensile 

Short-term tensile tests of the R-20 alloy (second 
lot of zirconium-copper, 1/2 Hard, alloy) were performed in 
duplicate at room temperature and at 5>3o°C using a strain rate 
of 2 x 10"3 sec**l. The results obtained in these evaluations 
are presented in Table 2. A study of these results indicates 
noticeably lower (about 20/a) yield and ultimate strengths com- 
pared to those exhibited by the R-2 alloy. These differences 
are illustrated in Figure 9. Reduction in area values are 
essentially identical for the R-2 and R-20 materials at room 
temperature and just 3lightly higher for the R-20 material at 
538 5 C. 


B) Low-Cycle Fatigue 
1) Smooth Versus Notched Behavior 

Room temperature low-cycle fatigue tests of the R-2 
alloy were performed in air in axial strain control to provide 
a comparison of smooth bar (see Figure 2) and notched bar .(see 
Figure 3) behavior. A summary of the results obtained In these 
tests is presented in Tables 3 and 4* A very slight initial 
hardening followed by cyclic softening was observed in each test 
and a comparison of the stress range at start and at half-life 
i3 presented in Figure 10 based on smooth bar results. The 
half-life stress range is seen to be seme 20$ lower than that 
at start. The stress range at start was noted to be very close 
to the monotonic stress-strain behavior observed in the Task 1 
tests. 


A comparison f the fatigue life for the smooth and 
notched bars is presented in Figure 11. It can be seen that 
for a given strain range the ratio of smooth-bar to notched-bar 
fatigue life Is constant at about 6.0 over the range of reported 
data. It can also be noted that for a given fatigue life the ratio 
of the strain range for the smooth bar to the strain range for 
the notched bar is approximately equal to a factor of 2.0 which 
corresponds to the theoretical elastic stress( strain) concentra- 
tion factor of 2.0 for the notched configuration employed in these 
test 3 . It is also interesting to note that these smooth bar data 
at room temperature are essentially identical to those obtained 
at 538°C in Task 1 ( see comparison of data in Figure 13). 

A plot of the fatigue life versus plastic strain range 
for the R-2 alloy( smooth bar data) at room temperature is shown 
in Figure 12. These results define a fairly linear relation and 
a slope of approximately -0.6 is indicated. 

2) Low-Cycle Fatigue Data for R-20 Alloy 


These tests represent an evaluation of the low-cycle 
fatigue characteristics of a second lot of 1/2 Hard, zirconium- 
copper alloy(see Table 1). Tests were performed in accordance 



Table 2 - Short-Term Tensile Properties of R-20 (Zr-Qu, 1/2 Hard) Alloy Measured 
in -.J'Kon, (room temperature teats were performed in air) 
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Figure 9- Comparison of short-term tensile properties 
of R-20, zirconium-copper alloy, with data 
for R-2 alloy reported in Task 2. 
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with the teat matrix followed in Task 1 (see NASA CR-121259) to 
define the fatigue life over the range from about 300 to 3000 
cycles at 538° G » a strain rate of 2 x 10“3 sec“^, and an A-ratio 
of infinity in axial strain control. A summary of the test 
results obtained in these evaluations of the R-20 material is 
given in Table 5. These data define a fatigue behavior which 
is essentially identical to that exhibited by the R-2 alloy in 
similar tests performed in the Task 1 portion of this program 
(see NASA CR-121259). A comparison of the fatigue data for these 
two lots of the zirconium- copper, 1/2 Hard, alloy tested in 
argon at 538°C is shown in Figure 13. This comparison substan- 
tiates the above statement that essentially identical fatigue 
behavior seems to be exhibited although there does appear to be 
some indication that longer fatigue life is attained by the R-20 
material in the strain range regime close to 1.5$. 

Also shown in Figure 13 are the smooth-bar fatigue data 
for the R-2 material tested at room temperature (from Figure 11). 
These data also appear to be essentially identical to the R-2 
and R-20 results at 538°C to suggest the existence of little to 
no temperature effect on the low-cycle fatigue behavior for the 
zirconium-copper, 1/2 Hard, alloy. This observation extends the 
conclusion made in the Task 2 report (NASA CR-121260) that the 
fatigue behavior of the R-2 alloy was unaffected by temperature 
over the temperature range from ij.82 0 to 593°C» 

3) Hold-Time Effects 

Some additional hold-time tests of the R-2 alloy in argon 
at 538 ° c were performed to extend the ho Id- time information des- 
cribed in the Task 2 report. A hold time of 300 seconds was 
selected and this was imposed in tension only, compression only, 
and in both tension and compression. The results obtained in 
this study are summarized in Table 6 where it is indicated that 
a certain dimensional instability was involved. This phenomenon 
vias discussed in the Task 2 report of R-2 testing where it was 
observed that the effect became particularly severe in the longer- 
term tests. This same phenomenon was noted in the tests summarized 
in Table 6 and, as before, the effect was most pronounced in the 
longer term tests. It was also noted in this program that the 
phenomenon termed "barrelling" was particularly severe in those 
tests involving a hold period in compression only whereas a 
"double-necking" phenomenon was observed in those tests involving 
a hold time in tension only. This "necking" phenomenon was 
characterized by the formation of "necked down" portions of the 
specimen at points above and below the extensometep location. 
Failure occurred at one of the "necked down" locations .While 
"barrelling" has been observed and described before this appears 
to be the first known observation of a "double necking" phenomenon 
in low-cycle fatigue testing. It is difficult to explain this 
type of specimen instability at this time. 

Mention is made of this dimensional instability problem 
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CYCLES TO FAILURE 















Table 6 - ( contd) - Low-Cycle Fatigue Resuls Obtained in Hold-Time Tests in Argon at 

Using a Ramp Strain Rate of 2 x 10"3 see”* 
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since the distortion of the specimen was so extensive that an 
accurate assesssment of the hold-time effects might be difficult 
to obtain. For example, in the test of Spec. No. R-2-67 the 
300-second hold period in tension only, at a strain range of 1.1$ 
yielded essentially the same fatigue life reported .in Task 2 for 
the 56-sp-ond hold period in tension at this same strain range. 

In other words, increasing the hold period duration from $6 to 
300 seconds at a strain range of 1.1$ led to virtually no further 
decrease in the fatigue life. While this saturation effect on 
fatigue life is possible it might not be completely correct in 
this instance because of the instability involved. 

Another interesting point in Table 6 relates to the tests 
of Spec. Nos. R-2-68 and R-2-72. The fatigue life values of llf?6 
and 1221+. cycles can be compared to values of 1947 and 31^0 cycles 
reported in Task 2 for duplicate tests at this same strain range 
using a 56-second hold period in compression only. While the 
trend to lower fatigue life with increasing hold period duration 
is consistent the fact that a 300-second hold period leads to the 
same fatigue life whether it occurs in tension only or compression 
only, is subject to some question. Some further verification of 
this point is obviously in order. 

A final observation involves the test of Spec. No. R-2-69. 
This fatigue life of 9l$ cycles is much greater than expected and 
there seems to be no reasonable explanation for this behavior. 

It is so much greater than that obtained in the continuously 
cycling tests that it cannot be viewed as a hold-time effect. The 
only reasonable explanation at the moment is that the barrelling 
which occurred interfered with the 3train measurement and con- 
trol. Some additional testing and analysis will have to be per- 
formed if this phenomenon is to be explained in detail. 

' brief study was made of the relaxation behavior ob- 
served in each hold-time test. Because of the dimensional in- 
stability problem this study focused on the behavior in the early 
portion of the tests since it was felt that in this regime the 
specimen geometry was still unaltered and an accurate assessment 
of the relaxation characteristics could be obtained. 

Relaxation curves (chosen from the first 20 cycles of the 
test) for the hold-time tests in Table 6 are presented in Figures llj. 
through 17. In Figure 14, relaxation curves for Cycle Nos. 5 and 
20 are presented and reflect the cyclic softening that is taking 
place in this material. Despite the different stress values and 
the different amounts of stress relaxation (R^- ) the ratio of Rg~ 
to n is essentially identical at 0.59 for each cycle. This same 
type of observation was made for the relaxation results reported 
in Task 2. 

A comparison of tension and compression relaxation character- 
istics obtained in the 8th cycle of the test of Spec. R-2-73 is 
shown in Figure 17. This reveals a more rapid relaxation in ten- 
sion than compression. Even when these curves are corrected for 
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Figure 14- Relaxation curves plotted using data obtained 
from strip chart recording of load versus time 
behavior during hold-time test of Spec. No. 
R-2-67. 
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Figure 15>- Relaxation curves plotted using data obtained 
from strip chart recording of load versus time 
behavior in hold-time tests. 
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Figure 16- Relaxation curve plotted using data obtained 

from strip chart recording of load versus time 
behavior during hold-time test of Spec. No. 
R-2-72. 
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Figure 17- Relaxation curves plotted using data obtained 
from strip chart recording of load versus time 
behavior during hold-time test of Spec. No. 
R-2-73. 
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the different specimen diameters in tension and compression this 
conclusion still applies and the difference is quite appreciable. 
Comparing relaxation rates at a given stress level indicates that 
the rate in tension is about 1.5 times that in compression. 

A preliminary analysis of some of the relaxation results 
plotted # in Figures llj. through 17 was made in terms of a stress- 
rate ( d~) divided by instantaneous stress type of correlation 
(see, "Analysis of the Relaxation Behavior of AISI 304- and 316 
Stainless Steel at Elevated. Temperature" , by J. B, Conway, GE 
MP-730, 1969). The data for Cycle Nos. 5 and 20 from Figure II4. 
were employed and were found to yield very consistent results 
as shown in Figure 18. One point from R-2-68 is included and it 
too is found to be in close agreement with the R-2-67 data. This 
observation, while interesting, is based on only a limited analysis 
and should be viewed in this light. It does, hov?ever, suggest 
that a more detailed evaluation might be rewarding. 

C) Thermal -Mechanical Testing 

Two special tests of the R-2 material were performed in 
argon to provide a limited assessment of the effect of combined 
temperature and mechanical strain cycling. Both tests involved 
a mechanical strain range of 3*3$ and in both tests the tempera- 
ture was cycled (linear rate of temperature change with a tri- 
angular wave form) between 538° and 260°C in each strain cycle. 

In the first test the phase relation between temperature and 
strain was chosen so that the maximum temperature (i.e. 538°C) 
occurred at the peak compression strain point in each cycle and 
the minimum temperature (i.e. 260°G) occurred at the peak tensile 
strain point in each cycle. In the second test the reversed phase 
relation was employed so that the maximum temperature occurred at 
the peak tensile strain point and the minimum temperature occurred 
at the peak compression strain p*t>int in each cycle. A summary of 
the test results obtained in these tests is presented in Table 7. 

A plot of the fatigue life obtained is shown in Figure 19 to com- 
pare these results with those for the R-2 alloy at 53f3°C reported 
in Task 2. It will be noted that the fatigue life values ob- 
served in these thermal -mechanical tests are lower than those in- 
dicated by the isothermal data at 538°C. Since the strain rate 
in the thermal -mechanical tests was 8.75 x 10" 5 sec" 1 some of 
this reduction in fatigue life might be attributed to this factor. 
However, in Task 2 (see data points in Figure 19) the tests at a 
strain rate of lj. x 10"4- sec" 1 did not reveal a significant strain 
rate effect compared to the data at a strain rate of 2 x 10"3 sec" 1 . 
For this reason it seems reasonable to conclude that a certain 
thermal-mechanical effect seems to be in evidence. It also appears 
that the more detrimental condition corresponds to the maximum 
temperature occurring at the peak tension point in the strain 
cycle. Since some dimensional instability was observed in these 
tests these conclusions must be viewed with some reservation in 
light of the discussion presented in the section on hold-time effects. 


Typical hysteresis loops for these tests are presented in 


-2-67; cycle 







Table 7 - Combined Thermal-Mechanioal Strain Cycling Test Results Obtained in Argon 
Using a Temperature Cycle from 538° to 260°C; Cyclic Frequency was k-5 CP» 
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Figures 20 and 21. In Figure 20 the loops for the first few cycles 
reveal the characteristic behavior observed in this type of testing. 
A maximum in the load trace is always obtained much before the peak 
temperature point and this results from the effect of temperature 
on material strength. A similar behavior pattern was obtained in 
the test of Spec. No. R-2-61 except that the effect was observed 
in the compression portion of the cycle. 

In Figures 20 and 21 the temperature scale provided allows 
the temperature at each position within the cycle to be identified. 
A vertical projection from this temperature scale to a point on 
the hysteresis loop enables the temperature at this location in 
the cycle to be determined. 

A decided cyclic strain softening was observed in these 
tests as evidenced in the hysteresis loops shown in Figure 20. 

This is, of course, the same type of behavior noted in the iso 
thermal tests of this alloy. 

The trend in the data obtained in these thermal -mechanical 
strain cycling tests along with the general trend observed in the 
hold-time tests is consistent with the behavior pattern to be ex- 
pected based on the concept of strainrange partitioning ( 30 a 
S. S. Manson, ‘'The Challenge to Unify Treatment of High Tempera- 
ture Fatigue — A Partisan Proposal Based on Strainrange Partition- 
ing", ASTH STP-520, 1973, P. 744.-755). 


VII - CONCLUSIONS 

This report has presented and discussed the test results 
obtained during the Task 3 portion of this contract and presents 
the final report for this program. Following the evaluation of 
twelve candidate materials on Task 1 of this program and the more 
detailed evaluation of one of these materials (zirconium-copper, 
1/2 Hard, alloy) within the Task 2 effort, some further special 
tests of the Task 2 material were performed within the Task 3 
portion of the program. In addition, the Task 3 effort focused 
on an evaluation of the short-term tensile and low-cycle fatigue 
properties of a second lot of the zirconium-copper, 1/2 Hard, 
material. 

A series of tests was performed to evaluate the smooth bar 
and notched bar fatigue life of the zirconium-copper, 1/2 Hard, 
alloy tested in air at room temperature in axial strain control. 
These data indicated that the ratio of the smooth bar fatigue life 
to the notched bar fatigue life was constant at a value of about 
6.0 over the cyclic life regime studied. 

Some additional hold- time tests of the zirconium-copper, 
1/2 Hard, material were performed in an evaluation of the effect 
of a 300-second hold period duration. Tests were performed using 
a hold' period in tension only, compression only, and in both ten- 
sion and compression. A decided dimensional instability was ob- 
served in these specimens which precluded a reliable assessment 
of hold-time effects. 
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Pigvire 20 

Hysteresis loops obtained in 
thermal -mechanical test of 
Spec. Ho. R-2-62 with peak 
temperature in tension. 
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Load calibration is 111 Newtons 

per division 

Strain calibration is 0.0625 % 

per division 
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Figure 21- Kystereais loop obtained in thermal- 
mechanical teat of Spec. No. R-2-61 
with peak temperature in compreaaion. 

Load calibration is 222 Newtons per division 
Strain calibration is 0.125$ per division 
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Relaxation data obtained in the first few(up to 20) 
cycles of these hold-time tests were analyzed and some interest- 
ing observations were made. One of these pertained to the 

indication that the relaxation rate in tension is noticeably greater 
than that observed in compression. The other observation involved 
an indication that a fairly consistent correlation is obtained in 
terms of instantaneous stress rate divided by instantaneous stress. 

Two thermal-mechanical strain cycling tests were performed 
in order to obtain a limited evaluation of this type of test on 
the fatigue life of the zirconium-copper alloy. A mechanical 
strain range of 3,5$ was employed using a cyclic frequency of 
4*5 cycles per hour and a cyclic temperature interval from 260° 
to . Both tests indicated a slight reduction in fatigue 

life compared to the isothermal data at 5>38°C . It was also in- 
dicated that the condition involving the maximum temperature 
occurring at the peak tensile strain point in the cycle was more 
detrimental than the reversed phase relation. 

A second lot of the zirconium-copper, 1/2 Hard, material 
was evaluated and these results were compared to the data obtained 
for the first lot of this alloy. It was found that the second 
lot of this alloy exhibited noticeably lower yield and ultimate 
strengths at both room temperature and £38° G although the fatigue 
life at 538° G was essentially identical to that observed in the 
previously tested lot of this zirconium-copper alloy. 
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